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BIOSYNTHETIC IMPLANT FOR SOFT
TISSUE REPAIR

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to, and the benefit
of, U.S. Provisional Patent Application Ser. Nos. 61/076,164
filed on Jun. 27, 2008 and 61/076,166 filed on Jun. 27, 2008,
the entire disclosures of which are incorporated by reference
herein.

TECHNICAL FIELD

The present composite materials or implants have at least,
anon-porous layer, a porous layer and a reinforcement mem-
ber. The present composite materials or implants resist tear-
ing when used in surgery, can simultaneously achieve hemo-
stasis and prevent post-surgical adhesion wherever it is
needed. They are particularly indicated for complex hernia,
requiring resistance to microbial infection and a low speed of
degradation during implantation. The present composite
materials resist tearing when used in orthopedic surgery for
tendon or ligament repair. They can support the repair/regen-
eration of soft tissues, under high stress/load.

DESCRIPTION OF THE RELATED ART

Implants for use in visceral surgery having a porous adhe-
sive collagen layer closely associated with a collagen film are
known. In this type of material, the film helps prevent the
formation of post-operative adhesions and the porous adhe-
sive collagen layer functions as a hemostatic compress.

Such implants are frequently secured to tissue during sur-
gery using a surgical fastener, such as a staple, clip, tack,
suture or the like. Collagen, however, weakens quickly when
exposed to the moist conditions within the body during sur-
gery. As a result, previous composite implants are prone to
tearing during implantation.

In addition, the strength of such implants typically is too
low for use under the high stresses or high loads encountered
in orthopedic surgery, such as in tendon or ligament repair.

It would be advantageous to provide an implant having
anti-adhesion, antimicrobial and relatively high strength
properties and which resists tearing when subjected to the
forces associated with securing the implant to tissue using
surgical fasteners.

It would be advantageous to provide an implant having
anti-adhesion, hemostatic and antimicrobial properties and
which resists tearing when subjected to the forces associated
with securing the implant to tissue using surgical fasteners.

In particular, it would be advantageous to provide an
implant which maintains its properties, such as integrity,
strength, resistance to tearing, porosity, thickness, when it is
submitted to moist or wetted conditions, such as conditions
encountered after implantation, when the implant is sur-
rounded by biological fluids. It would also be advantageous to
provide an implant which, although bioabsorbable in the long
term (i.e., over one year), is long lasting, i.e., maintains its
properties and integrity for at least 6 months.

SUMMARY

The present implants therefore aim to considerably
improve the previously described composite collagenic mate-
rials with respect to their handling characteristics and resis-
tance to tearing during implantation, their time of full degra-
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dation (over 1 year), their ability to withstand high loads and
their resistance to microbial contamination during implanta-
tion, in particular when they are submitted to moist conditions
such as implantation conditions, when they are surrounded by
biological fluids. These aims are achieved by the present
implants which include at least a non-porous layer, a porous
layer and a reinforcement member. In embodiments, the non-
porous layer is an oxidized collagen constituent-containing
film possessing anti-adhesion properties. In embodiments,
the porous layer is a collagen-containing foam that provides a
matrix for soft tissue repair and/or regeneration, and that is
long lasting and maintains its properties and integrity even in
a wetted state. In embodiments, the reinforcement member is
a mesh, such as a mesh having a weight density of below
about 50 g/m>. In other embodiments, the reinforcement
member is a mesh, such as a mesh having a weight density of
greater than about 100 g/m>. The mesh, which can be knitted
either from biodegradable yarns, non biodegradable yarns or
any combination of thereof, may be fully coated with a col-
lagen based formulation so as to limit the inflammation reac-
tion and the infection risk associated with the yarns of the
mesh. In other embodiments, the mesh is coated by any mate-
rials which can reduce the inflammation reaction and the
infection risk.

Methods for producing the present implants are also
described. In embodiments, the reinforcement member is
fully coated with cross-linked collagens. Then a liquid solu-
tion based on oxidized collagen destined to form the non-
porous layer is cast on a substrate. The coated reinforcement
member is applied to the solution, in embodiments becoming
completely embedded therein, for example, by pressing the
reinforcement member into the solution or by the application
of additional solution on top of the original volume of solu-
tion. Prior to complete gelling, a pre-formed porous layer,
made from long lasting collagenic formulation is laid on the
surface of the gelling solution. Upon drying, the various
components adhere to form the present implant.

One aspect of the present disclosure is an implant compris-
ing:

a porous layer comprising at least a collagen,

anon-porous layer comprising a collagenic constituent, the

non-porous layer being joined to the porous layer, and

a reinforcement member,

wherein the reinforcement member is embedded into the

non-porous layer, and

the porous layer has a three dimensional density ranging

from about 20 mg collagen/cm® to about 200 mg col-
lagen/cm®.

According to the present application, the three dimensional
density in collagen of the porous layer is measured as follows:
the amount of collagen used for the preparation of the porous
layer is initially weighed in mg and recorded. The dimen-
sions, i.e., length, width and thickness, of the porous layer in
the final product, either in a dry or wetted state, are measured
in cm. As meant in the present application, a wetted state
corresponds to the soaking of the porous layer, or of the
implant, during 24 hours in water at ambient temperature (i.e.,
18-25° C.). The three dimensional density of the porous layer
in mg collagen/cm® results from the ratio of the amount
weighed in mg over the volume measured in cm®.

The porous layer of the implant of the present disclosure
has a three dimensional density ranging from about 20 mg
collagen/cm® to about 200 mg collagen/cm?, either in a dry or
wetted state. As a consequence, the porous layer of the
implant of the present disclosure has a three dimensional
density ranging from about 20 mg collagen/cm? to about 200
mg collagen/cm?, in a dry state. Also, the porous layer of the
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implant of the present disclosure has a three dimensional
density ranging from about 20 mg collagen/cm® to about 200
mg collagen/cm? in a wetted state, i.e., after soaking in water
at ambient temperature (18-25° C.) during 24 hours. The
porous layer of the implant of the present disclosure is there-
fore dense in collagen, i.e., it comprises a high ratio of col-
lagen. Such a density allows the porous layer to be long
lasting although the porous layer will degrade in vivo in the
long term, i.e., over one year for example. For example, the
porous layer of the implant of the present disclosure will not
be degraded before 6 months after the implantation. At the
same time, the porous layer of the implant of the present
disclosure shows a good homogeneity and favors the cellular
growth. In particular, the porous layer of the implant of the
present disclosure maintains its properties, such as integrity,
porosity, resistance to tearing, strength, thickness, even in
moist conditions, i.e., in a wetted state, similar to the condi-
tions of implantation, when the porous layer and/or the
implant is surrounded by the biological fluids. In particular,
the porous layer of the implant of the present disclosure
maintains substantially its thickness after implantation: for
example there is no increase of 50% of the thickness or
decrease of two thirds of the thickness of the porous layer
after immersion of the porous layer in water, i.e., in moist
conditions similar to the implantation moist conditions.

In an embodiment, the three dimensional density ranges
from about 50 mg collagen/cm® to about 150 mg collagen/
cm?®.

In embodiments, the collagen of the porous layer com-
prises at least oxidized collagen.

In embodiments, the collagen of the porous layer further
comprises a collagen crosslinked with a compound selected
from glutaraldehyde, hexamethylene diisocyanate (HMDI)
and mixtures thereof. For example, the compound is glutaral-
dehyde. Alternatively, the compound is hexamethylene diiso-
Ccyanate.

In embodiments, the porous layer further comprises a chi-
tosan.

In embodiments, the collagenic constituent of the non-
porous layer is oxidized collagen.

In embodiments, the reinforcement member is a mesh hav-
ing a weight density less than 100 g/m?, for example less than
50 g/m?. In such embodiments, in particular, the mesh may be
isoelastic. By “isoelastic” is meant according to the present
application that the mesh shows substantially similar elastic
properties in all directions. Such meshes are particularly suit-
able for implants of the present disclosure intended to be used
as reinforcement implants for hernia repair for example.

In other embodiments, the reinforcement member is a
mesh having a weight density greater than 50 g/m?, for
example greater than 100 g/m>. In such embodiments, in
particular, the mesh may be asymmetric. By “asymmetric” is
meant in the present application that the mesh shows signifi-
cantly different elastic properties in at least two different
directions, for example in two perpendicular directions. Such
meshes are particularly suitable for implants of the present
disclosure intended to be used as reinforcement implants for
tendon and/or ligament repair for example.

In embodiments, the mesh may be coated with a collagen
crosslinked with a compound selected from glutaraldehyde,
hexamethylene diisocyanate (HMDI) and mixtures thereof.

In other embodiments, the mesh may be coated with a
mixture of oxidized collagen and chitosan.

In embodiments, the implant comprises an additional non-
porous layer. The additional non-porous layer may have the
same composition or a different composition from the non-
porous layer above. The additional non-porous layer may

10

15

20

25

30

35

40

45

55

60

65

4

comprise an additional reinforcement member embedded
therein. The additional reinforcement member may be iden-
tical to or different from the reinforcement member above.

In embodiments, the porous layer is biodegradable. By
biodegradable is meant herein that all the components form-
ing the porous layer will be completely degraded in vivo after
a certain amount of time. The porous layer of the implant of
the present disclosure is long lasting and therefore will not be
completely degraded in vivo before 6 months after implanta-
tion.

Another aspect of the present disclosure is a process for
preparing an implant having a porous layer, a non-porous
layer, and a reinforcement member comprising the steps of:

a) Preparing a composition comprising at least a collagen,

using purified fibers of collagen as starting material,

b) Freeze drying the composition of a) to obtain a porous

layer,

¢) Compressing the porous layer obtained in b) so as to

obtain a three dimensional density ranging from about
20 mg collagen/cm? to about 200 mg collagen/cm?,

d) Pouring a solution of a collagenic constituent onto a

support to obtain a non-porous layer,

e) Applying a reinforcement member on a top surface of the

non-porous layer obtained in d), and

) Applying the compressed porous layer obtained in ¢) on

the top surface of the non-porous layer, during gelifica-
tion of the non-porous layer.

The starting material used for obtaining the porous layer of
the process of the present disclosure is purified fibers of
collagen. Such purified fibers of collagen are obtained by
conventional techniques such as described in FR-A-2 715
309. For example, the collagen is extracted from porcine
dermis by solubilization at acidic pH or by digestion with
pepsin, and purified by saline precipitations according to
known techniques (see for example FR-A-2 715 309). Dry
collagen fibers are then obtained by precipitation of an acid
solution of such a collagen by adding NaCl, and then washing
and drying of the precipitate obtained with aqueous solutions
of acetone.

Using purified fibers of collagen for preparing the porous
layer of the implant of the present disclosure allows deter-
mining exactly the content of collagen in the resulting porous
layer of the final product.

In embodiments, the porous layer is compressed in step ¢)
0 as to obtain a three dimensional density ranging from about
50 mg collagen/cm? to about 150 mg collagen/cm®.

In embodiments, the collagen of the porous layer com-
prises at least oxidized collagen.

In embodiments, the collagen of the porous layer further
comprises a collagen crosslinked with a compound selected
from glutaraldehyde, hexamethylene diisocyanate (HMDI)
and mixtures thereof.

In embodiments, the collagen of the porous layer further
comprises a chitosan.

In embodiments, the collagenic constituent of the non-
porous layer is obtained from purified fibers of collagen used
as starting material.

In embodiments, in step e), the reinforcement member is
pressed into the solution of the non-porous layer, without
causing significant disruption of the portion of the layer of
solution in contact with the support, so as to embed the
reinforcement member completely within the non-porous
layer.

Alternatively, in step e), following application of the rein-
forcement member, additional solution of the collagenic con-
stituent of step d) may be applied in an amount sufficient to
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cover the reinforcement member, so as to embed the rein-
forcement member completely within the non-porous layer.

In embodiments, in step ¢), the porous layer is compressed
so as to reduce its thickness from about 1.2 times to 5 times.
For example, the porous layer obtained in c¢) has a thickness
ranging from about 0.1 cm to 1.5 cm.

Another aspect of the present disclosure is an implant
obtainable by a process as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-3 are schematic illustrations of composite materi-
als in accordance with embodiments of the present disclo-
sure;

FIG. 4 shows a knitting pattern suitable for making a mesh
reinforcement member for use in embodiments described
herein;

FIG. 5 is a schematic representation of a composite mate-
rial in accordance with another embodiment of the present
disclosure;

FIG. 6 is a schematic representation of a composite mate-
rial in accordance with another embodiment of the present
disclosure;

FIGS. 7-9 show illustrative knitting patterns suitable for
use in making reinforcement components that may be incor-
porated into composite materials in accordance with embodi-
ments of the present disclosure; and

FIG. 10 is a schematic representation of an implanted
implant in accordance with the present disclosure in a rat.

DETAILED DESCRIPTION

The present implants include one or more non-porous lay-
ers, a porous layer and one or more reinforcement members.
As seen in FIG. 1, composite implant 10 includes non-porous
layer 20, porous layer 30 and reinforcement members 40,
which in this illustrative embodiment are multifilament yarns
coated with coating 45 and embedded within non-porous
layer 20. Each of these components and processes for prepar-
ing each component and the composite implant are described
in greater detail below.

In the embodiment shown in FIG. 2, composite implant
110 includes non-porous layer 120, porous layer 130 and
reinforcement members 140 which in this illustrative
embodiment are multifilament yarns coated with coating 145
and embedded within non-porous layer 120.

In the embodiment shown in FIG. 3, composite implant
210 includes non-porous layers 220 and 250, porous layer
230 and reinforcement member 240 with coating 245, which
in this illustrative embodiment is embedded within non-po-
rous layers 220.

In the embodiment shown in FIG. 5, composite implant
210 includes non-porous layers 220 and 250, porous layer
230 and reinforcement members 240 and 260 coated with a
coating 265, which in this illustrative embodiment are
embedded within non-porous layers 220 and 250, respec-
tively. In the embodiment shown in FIG. 6, composite implant
310 includes non-porous layers 320 and 350, porous layer
330 and reinforcement members 340 with coating 345, and
360 with coating 365, which in this illustrative embodiment
are embedded within non-porous layers 320 and 350, respec-
tively.

Each of these components and processes for preparing
each component and the composite implant are described in
greater detail below.

10

15

20

25

30

35

40

45

50

55

60

65

6

The Non-Porous Layer

The one or more non-porous layers may retard or prevent
tissue ingrowth from surrounding tissues thereby acting as an
adhesion barrier and preventing the formation of unwanted
scar tissue. Thus, in embodiments, the one or more non-
porous layers possesses anti-adhesion properties. By “non-
porous layer” is meant according to the present application a
layer having a surface substantially closed to all potential
cellular growth, such as a film.

The one or more non-porous layers may be as well a physi-
cal barrier against microbial contamination.

The one or more (for example additional) non-porous lay-
ers of the present implant may be made from any biocompat-
ible natural or synthetic material. The material from which
each non-porous layer is formed may be the same or different
and may be bioabsorbable or non-bioabsorbable. It should of
course be understood that any combination of natural, syn-
thetic, bioabsorbable and non-bioabsorbable materials may
be used to form the one or more non-porous layers. Tech-
niques for forming non-porous layers from such materials are
within the purview of those skilled in the art and include, for
example, casting, molding and the like.

Some non-limiting examples of materials from which a
non-porous layer may be made include but are not limited to
poly(lactic acid), poly(glycolic acid), poly(hydroxybutyrate),
poly(phosphazine), polyesters, polyethylene glycols, poly-
ethylene oxides, polyacrylamides, polyhydroxyethylmethy-
lacrylate, polyvinylpyrrolidone, polyvinyl alcohols, poly-
acrylic acid, polyacetate, polycaprolactone, polypropylene,
aliphatic polyesters, glycerols, poly(amino acids), copoly
(ether-esters), polyalkylene oxalates, polyamides, poly(imi-
nocarbonates), polyalkylene oxalates, polyoxaesters, poly-
orthoesters, polyphosphazenes and copolymers, block
copolymers, homopolymers, blends and combinations
thereof.

In embodiments, natural biological polymers are used in
forming the one or more non-porous layers of the implant.
Suitable natural biological polymers include, but are not lim-
ited to, collagen, gelatin, fibrin, fibrinogen, elastin, keratin,
albumin, hydroxyethyl cellulose, cellulose, oxidized cellu-
lose, hydroxypropyl cellulose, carboxyethyl cellulose, car-
boxymethyl cellulose, and combinations thereof. In addition,
the natural biological polymers may be combined with any of
the other polymeric materials described herein to produce a
non-porous layer of the implant.

In embodiments, the non-porous layer of the implant com-
prises at least a collagenic constituent.

In such embodiments, an aqueous solution of a collagenic
constituent may be used to form a non-porous layer of the
present implants. As used herein, the term “collagenic con-
stituent” designates collagen which has at least partially lost
its helical structure through heating or any other method, or
gelatine. The term “gelatine” here includes commercial
gelatine made of collagen which has been denatured by heat-
ing and in which the chains are at least partially hydrolyzed
(molecular weight lower than 100 kDa). The collagenic con-
stituent used may advantageously be formed of non-hydro-
lyzed collagen, mainly composed of o chains (molecular
weight around 100 kDa). In the context of the present disclo-
sure, o chains means complete o chains or fragments of these
complete o chains produced by the loss of a small number of
amino acids. The term “non-hydrolyzed” as used herein
means that less than 10% of the collagenic chains have a
molecular weight below about 100 kDa. If heating is used to
denature the helical structure of the collagen, the heating
should be moderate and provided under gentle conditions so
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as to avoid degradation by hydrolytic cleavage of the gelatine
thus formed. Suitable gelatine materials are commercially
available.

The collagen used can be of human or animal origin. It may
particularly be type I porcine or bovine collagen, or type [ or
type lII human collagen or mixtures in any proportions of the
last two types. Native collagen may advantageously be used,
in acid solution or after processing, to eliminate the telopep-
tides, notably by pepsin digestion. The collagen can also be
oxidized: in such a case, the collagen may be modified by
oxidative cleavage using any technique know to those skilled
in the art, including, but not limited to the use of periodic acid
or one of'its salts as described by Tardy et al. in U.S. Pat. No.
4,931,546, the entire content of which is herein incorporated
by reference. Briefly, this technique involves mixing the col-
lagen in acid solution with a solution of periodic acid or one
of its salts at a concentration of between about 1 and 107> M,
in embodiments between about 5 10~ and 107' M, at a tem-
perature of between about 10 and 25° C. for about 10 minutes
to 72 hours. This process breaks down hydroxylysine and the
sugars of the collagen, thus creating reactive sites without
causing crosslinking. The oxidative cleavage of collagen
allows moderate cross-linking later in the collagenic material.
It should of course be understood that this function may be
provided by other means of moderate cross-linking, for
example by beta or gamma irradiation, or other agents of
moderate cross-linking, for example chemical reagents at
suitably low and non-toxic doses.

In embodiments, at least one of the non-porous layers of
the present implant is made from collagen modified by oxi-
dative cleavage as described above. In other embodiments,
the extent of collagen cross-linking can be increased by any
techniques known to those skilled in the art to adjust the
degradation time of the non-porous layer as desired. As used
herein, the term “moderately crosslinked” means that the
degradation of the non-porous layer will be at least 90%
complete (as measured by residual weight) by the end of
about three weeks of implantation; the term “highly
crosslinked” means that the degradation of the non-porous
layer will be at least 90% complete (as measured by residual
weight) by the end of about three months of implantation; and
the term “extremely highly crosslinked” means that the deg-
radation of the non-porous layer will be at least 90% complete
(as measured by residual weight) by the end of about two
years of implantation.

In embodiments, the collagen is advantageously formed of
non-hydrolyzed collagen, mainly composed of a chains (mo-
lecular weight around 100 kDa). In the context of the present
disclosure, o chains means complete o chains or fragments of
these complete a chains produced by the loss of a small
number of amino acids. The term “non-hydrolyzed” as used
herein means that less than 10% ofthe collagenic chains have
amolecular weight below about 100kDa. Ifheating is used to
denature the helical structure of the collagen, the heating
should be moderate and provided under gentle conditions so
as to avoid degradation by hydrolytic cleavage of the gelatine
thus formed.

In embodiments, the collagenic constituent is oxidized col-
lagen.

In such embodiments, a solution of oxidized collagen as
defined above may be used to form the non-porous layer.
Typically, a collagen concentration from about 5 g/1 to about
50 g/, in embodiments from about 25 g/l to about 35 g/l is
used.

The solution of oxidized collagen may be heated, for
example to a temperature in excess of 37° C., in embodiments
to a temperature of from about 40° C. to about 50° C., for at
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least one hour. This results in at least partial denaturing of the
collagen’s helical structure. Other physical or chemical tech-
niques for denaturing collagen (e.g., ultrasonication, or by the
addition of chaotropic agents) are within the purview of those
skilled in the art may also be used.

In embodiments, the collagenic constituent of the non-
porous layer is obtained from purified fibers of collagen used
as starting material. Such purified fibers of collagen are
obtained as described below for the porous layer.

In embodiments, at least one macromolecular hydrophilic
additive that is chemically unreactive with the collagenic
constituent may be added to the solution used to form the
non-porous layer. “Chemically unreactive with the collagenic
constituent” as used herein means a hydrophilic compound
which is not likely to react with the collagenic constituent,
notably which does not form covalent bonds with it during
cross-linking.

The macromolecular hydrophilic additive advantageously
has amolecular weight in excess of 3,000 Daltons, in embodi-
ments from about 3,000 to about 20,000 Daltons. Illustrative
examples of suitable macromolecular hydrophilic additives
include polyalkylene glycols (such as polyethylene glycol),
polysaccharides (e.g., starch, dextran and/or cellulose), oxi-
dized polysaccharides, and mucopolysaccharides. It should
of course be understood that combinations of macromolecu-
lar hydrophilic additives may be used. In embodiments, poly-
ethyleneglycol 4000 (4000 corresponding to the molecular
weight) is added as the macromolecular hydrophilic additive.
The concentration of hydrophilic additive(s) can typically be
from about 2 to about 10 times less than that of the collagenic
constituent. Typically, the macromolecular hydrophilic addi-
tive is eliminated by diffusion through the non-porous layer,
in a few days.

Optionally, glycerine may be added to the solution used to
form the non-porous layer. When present, the concentration
of glycerine in the solution can typically be from about 2 to
about 10 times less than that of the collagenic constituent, in
embodiments less than about one-third of the collagenic con-
stituent concentration.

In illustrative embodiments of the solution used to form the
non-porous layer, the concentrations of collagenic constitu-
ent, hydrophilic additive(s) and glycerine, when present, can
be from about 2% to about 10% for the collagenic constituent,
from about 0.6% to about 4% for the hydrophilic additive(s)
and from about 0.3% to about 2.5% for glycerine, respec-
tively.

The solution used to form the non-porous layer may be
prepared by adding collagenic constituent, hydrophilic addi-
tive(s) and glycerine, when present, to water or a water/
alcohol (e.g., ethanol) mixture at a temperature of from about
30° C. to about 50° C. The solution may advantageously be
neutralized to a neutral pH to avoid hydrolyzing the col-
lagenic constituent by heating and to obtain a film of physi-
ological pH while permitting pre-cross-linking of the col-
lagenic constituent if the mixture contains oxidized collagen
as indicated previously.

The Porous Layer

The porous layer of the implant has a three dimensional
density in collagen which may prevent or reduce the risk of
microbial contamination of the implant. By “porous layer” is
meant according to the present application a layer comprising
pores, voids, holes allowing at least some cellular growth to
take place.

The porous layer of the implant has for example openings
or pores over at least a portion of a surface thereof. As
described in more detail below, suitable materials for forming
the porous layer include, but are not limited to foams (e.g.,
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open or closed cell foams). In embodiments, the pores may be
in sufficient number and size so as to interconnect across the
entire thickness of the porous layer. In other embodiments,
the pores do not interconnect across the entire thickness of the
porous layer. Closed cell foams are illustrative examples of
structures in which the pores may not interconnect across the
entire thickness of the porous layer. In yet other embodi-
ments, the pores do not extend across the entire thickness of
the porous layer, but rather are present at a portion of the
surface thereof. In embodiments, the openings or pores are
located on a portion of the surface of the porous layer, with
other portions of the porous layer having a non-porous tex-
ture. Those skilled in the art reading the present disclosure
will envision other pore distribution patterns and configura-
tions for the porous layer.

The porous layer of the present implant may include any
biocompatible natural or synthetic material. The material
contained in the porous layer may be bioabsorbable or non-
bioabsorbable. It should of course be understood that any
combination of natural, synthetic, bioabsorbable and non-
bioabsorbable materials may be used to form the porous layer.
Some non-limiting examples of materials from which the
porous layer may be made include but are not limited to
poly(lactic acid), poly(glycolic acid), poly(hydroxybutyrate),
poly(phosphazine), polyesters, polyethylene glycols, poly-
ethylene oxides, polyacrylamides, polyhydroxyethylmethy-
lacrylate, polyvinylpyrrolidone, polyvinyl alcohols, poly-
acrylic acid, polyacetate, polycaprolactone, polypropylene,
aliphatic polyesters, glycerols, poly(amino acids), copoly
(ether-esters), polyalkylene oxalates, polyamides, poly(imi-
nocarbonates), polyalkylene oxalates, polyoxaesters, poly-
orthoesters, polyphosphazenes and copolymers, block
copolymers, homopolymers, blends and combinations
thereof.

In embodiments, the porous layer comprises one or more
bioabsorbable, natural biological polymer. Suitable natural
biological polymers include, but are not limited to, collagen,
gelatin, cellulose, hydroxypropyl cellulose, carboxyethyl cel-
lulose, chitin, chitosan, and combinations thereof. Alterna-
tively, the polymer constituent may be a polysaccharide such
as chitin or chitosan, or polysaccharides modified by oxida-
tion of alcohol functions into carboxylic functions such as
oxidized cellulose. In addition, the natural biological poly-
mers may be combined with any biocompatible synthetic
materials to produce the porous layer of the implant.

Where the porous layer is a foam, the porous layer may be
formed using any method suitable to forming a foam or
sponge including, but not limited to the lyophilization or
freeze-drying of a composition. Suitable techniques for mak-
ing foams are within the purview of those skilled in the art.

The porous layer can be at least about 0.1 cm thick, in
embodiments from about 0.2 to about 1.5 cm thick. The
porous layer can have a two dimensional density of not more
than about 100 mg collagen/cm?® and, in embodiments, from
about 10 mg collagen/cm? to about 50 mg collagen/cm?. The
two dimensional density of the porous layer is calculated by
dividing the three dimensional density obtained as explained
above by the thickness of the porous layer. The three dimen-
sional density of the porous layer ranges from about 20 mg
collagen/cm? to about 200 mg collagen/cm?, in embodiments
from about 50 mg collagen/cm® to about 150 mg collagen/
cm?®, either in a dry state or a wetted state of the porous layer
The size of the pores in the porous layer can be from about 10
um to about 500 pm, in embodiments from about 20 pm to
about 200 pm.

Such a porous layer, in particular having a three dimen-
sional density ranging from about 20 mg collagen/cm® to
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about 200 mg collagen/cm®, in embodiments from about 50
mg collagen/cm?® to about 150 mg collagen/cm?, either in a
dry or wetted state, is long lasting, i.e., it is not degraded
before 6 months after implantation. At the same time, the
porous layer of the implant of the present disclosure shows a
good distribution and interconnection of the pores, thereby
allowing an excellent cellular growth.

The porous layer of the implant of the present disclosure
comprises at least a collagen. By “collagen” is meant accord-
ing to the present application, a non-denatured collagen or
collagen which has at least partially lost its helical structure
through heating or any other method.

The starting material used for obtaining the porous layer of
the process of the present disclosure is purified fibers of
collagen. Such purified fibers of collagen are obtained by
conventional techniques such as described in FR-A-2 715
309. For example, the collagen is extracted from porcine
dermis by solubilization at acidic pH or by digestion with
pepsin, and purified by saline precipitations according to
known techniques (see for example FR-A-2 715 309). Dry
collagen fibers are then obtained by precipitation of an acid
solution of such a collagen by adding NaCl, and then washing
and drying of the precipitate obtained with aqueous solutions
of acetone.

In embodiments, the porous layer is a made from non-
denatured collagen or collagen which has at least partially
lost its helical structure through heating or any other method,
consisting mainly of non-hydrolyzed a chains, of molecular
weight close to 100 kDa. The term “non-denatured collagen”
means collagen which has not lost its helical structure. The
collagen used for the porous layer of present implant may be
native collagen or atelocollagen, notably as obtained through
pepsin digestion and/or after moderate heating as defined
previously. The origin and type of collagen may be as indi-
cated for the non-porous layer described above.

In embodiments, the collagen of the porous layer com-
prises at least oxidized collagen. The oxidized collagen may
be obtained as already described above for the non-porous
layer.

In embodiments, the collagen may be cured to any desired
degree. As used herein, the term “moderately cured” means
that the degradation of the porous layer will be at least 90%
complete (as measured by residual weight) by the end of
about three weeks of implantation; the term “highly cured”
means that the degradation of the porous layer will be at least
90% complete (as measured by residual weight) by the end of
about three months of implantation; and the term “extremely
highly cured” means that the degradation of the porous layer
will be at least 90% complete (as measured by residual
weight) by the end of about two years of implantation. In
illustrative embodiments, moderately cured collagen is
obtained by oxidative cleavage of collagen by periodic acid or
one of its salts, as described for collagens of the non-porous
layer. Highly cured collagen is made from collagen cross-
linked by glutaraldehyde or by any other know cross-linking
agents such as isocyanates, for example hexamethylene diiso-
cyanate (HMDI). The degree of crosslinking distinguishes
between highly cured and very highly cured materials. Tech-
niques for curing to various degrees are within the purview of
those skilled in the art.

In embodiments, the collagen of the porous layer further
comprises a collagen crosslinked with a compound selected
from glutaraldehyde, hexamethylene diisocyanate (HMDI)
and mixtures thereof. For example, the compound is glutaral-
dehyde. Alternatively, the compound is hexamethylene diiso-
Ccyanate.
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In embodiments, the porous layer further comprises a chi-
tosan.

The porous layer of the implant of the present disclosure
may be obtained by freeze drying a composition comprising
at least a collagen, using purified fibers of collagen as starting
material.

In embodiments, the porous layer can be obtained by
freeze-drying an aqueous acid solution or suspension of col-
lagen at a concentration of about 2 to about 100 g/l and an
initial temperature of about 4° C. to about 25° C. The con-
centration of collagen in the solution or suspension can be
from about 10 g/1 to about 100 g/1, in embodiments about 20
g/l

The collagen suspension or solution can be made from
non-cured, moderately cured, highly cured or extremely
highly cured collagens or combinations of thereof at any
proportions. It may include as well non collagenic compo-
nents, such as glycosaminoglycans, among them chitosan.
The glycosaminoglycans display a degree of acetylation
(DA) of from about 0.5% to about 50%. They have a molecu-
lar weight ranging from about 100 to about 1,000,000 g/ml. It
displays also a low polydispersity index of from about 1.2 to
about 1.8. They may be a mixture of chitosans and other
glycosaminoglycans (e.g. hyaluronic acid), which have free
amino groups capable of cross-linking to the oxidized col-
lagen. In embodiments, the collagen suspension or solution is
the combination of oxidized collagen and chitosan which can
form a cross-linked network. As a result, in embodiments, the
porous layer of the implant comprises oxidized collagen and
chitosan, for example forming a network.

The porous layer is advantageously neutralized before its
freeze-drying as a solution or suspension or after its freeze-
drying under a dry form, at a pH from about 6 to about 8. In
embodiments, the porous layer after its freeze-drying may be
further cross-linked by any known cross-linking agents (e.g.,
glutaraldehyde, isocyanates) and/or by any physical treat-
ment (e.g., thermal processing, gamma- and beta-irradiation).

The porous layer may be compressed so as to obtain a three
dimensional density ranging from about 20 mg collagen/cm>
to about 200 mg collagen/cm?, for example ranging from
about 50 mg collagen/cm> to about 150 mg collagen/cm®.

For example, the porous layer may be further packed down
by any relevant techniques so as to get a thickness from about
0.1 cm to about 1.5 cm and a 3D (three dimensional) density
of from about 50 mg collagen/cm® to about 150 mg collagen/
cm®. The porous layer may be compressed so as to reduce its
thickness from about 1.2 times to 5 times.

In any case where the porous layer is packed down, it may
be further stabilized by thermal treatment, in dry conditions,
at a temperature up to about 100° C., for up to 2 days or by
cross-linking with any known cross-linking agents. In other
embodiments, it may be further stabilized by soaking the
porous layer in a collagenic solution such as an oxidized
collagen solution and by drying this solution. Agents in the
collagen solution/suspension such as glycerin may be as well
added, before the freeze-drying, to stabilize the thickness of
the porous layer.

In embodiments, the porous layer is biodegradable. By
biodegradable is meant herein that all the components form-
ing the porous layer will be completely degraded in vivo after
a certain amount of time. The porous layer of the implant of
the present disclosure is long lasting and therefore will not be
completely degraded in vivo before 6 months after implanta-
tion.
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The Reinforcement Member

The present implant also includes one or more reinforce-
ment members. The reinforcement member may be posi-
tioned entirely within the non-porous layer.

The reinforcement member can be a mesh prepared using
any technique known to those skilled in the art, such as
knitting, weaving, tatting, knipling or the like. Illustrative
examples of suitable meshes include any of those that are
presently commercially available for hernia repair. In
embodiments where a mesh is used as the reinforcement
member, the mesh will aid in affixing the composite to tissue
without tearing of the porous or non-porous layers.

It is envisioned that the reinforcement member may be
formed from any bioabsorbable, non-bioabsorbable, natural,
and synthetic material previously described herein including
derivatives, salts and combinations thereof. In particularly
useful embodiments, the reinforcement member may be
made from a non-bioabsorbable material to provide long term
flexible tissue support. In embodiments, the reinforcement
member is a surgical mesh made from polyester, polypropy-
lene, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), oxi-
dized cellulose, polycaprolactone (PCL), polydiaxanone
(PDO), trimethylene carbonate (TMC), polyvinyl alcohol
(PVA), polyhydroxyalkanoates (PHAs), polyamides, poly-
ethers, copolymers thereof and mixtures thereof. In addition
polyethylene materials may also be incorporated into the
implant described herein to add stiffness. Where monofila-
ments or multifilament braids are used as the reinforcement
member, any commercially available suture material may
advantageously be employed as the reinforcement member.

Itis envisioned as well that the reinforcing member may be
knitted from bioabsorbable yarns, non bioabsorbable yarns or
both of them, in any combination.

In embodiments, the mesh is a flat mesh, essentially a two
dimensional mesh, displaying a thickness lower than about 1
mm. The mesh may be isoelastic or asymmetric while dis-
playing mechanical properties (stiffness, elasticity at physi-
ologicalloads) closeto the tissues to be repaired and/or regen-
erated.

In embodiments, the mesh weight density is below about
100 g per m?, in embodiments, below about 50 g per m>. The
weight density of the mesh is determined according to the
following method: the weight of the mesh is measured in
grams; this weight is divided by the surface of the mesh in
square meters. In such embodiments, the mesh may be
isoelastic. Other characteristics which the reinforcement
member may in embodiments advantageously possess
include a breakage resistance of 100 N minimum (as deter-
mined by ISO 13934-1) and an extension breakage of 20 to
40% under 50 N (as determined by ISO 13934-1). Suitable
fabrics suitable for obtaining isoelastic meshes can be made
on a Rachel or warp knitting machine with at least two thread-
ing tools, one threaded full, one empty with PLA, PET or PP
monofilament or multifilament biocompatible threads as
shown in FIG. 4. When performed on a 22 or 24 gauge
knitting machine, the macro-pores allow for a good integra-
tion to tissues. Such meshes are particularly suitable for
implants of the present disclosure intended to repair an
abdominal wall, for hernia treatment for example.

In other embodiments, the mesh is asymmetric, with a
longitudinal axis displaying the highest mechanical proper-
ties and corresponding to the longitudinal axis of tendons and
ligaments to be repaired.

In such embodiments, the ultimate load at break of the
mesh in its longitudinal axis is from about 100 N to about
1,000 N, in embodiments over 250 N (as determined by ISO
13934-1).
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In such embodiments, the elongation at break of the mesh
in its longitudinal axis is less than about 100%, in embodi-
ments less than about 20% (as determined by ISO 13934-1).
The elongation at 100 N is typically from about 1% to about
20%, in embodiments from about 1% to about 10% (as deter-
mined by ISO 13934-1).

The pores size of the mesh are from about 1 mm to 5 mm,
in embodiments from about 1 mm to 2.5 mm.

In embodiments, in particular when the mesh is asymmet-
ric, the mesh weight density is greater than about 50 g per m?,
in embodiments over 100 g per m>.

In embodiments, the mesh is designed in such a way that it
can be trimmed to the size of the defect to be repaired without
any significant loss of the initial strain.

In embodiments, the mesh needs to hold sutures with a pull
out strength ofatleast 100 N (as determined by ISO 13934-1).

In embodiments, the porosity of the mesh is from about
20% to about 98%, in embodiments from about 40% to about
95%. For the purpose of the present application, the porosity
of a mesh is intended to mean a porosity measured in the
following way: the dimensions, i.e., length, width and thick-
ness, of the mesh, taken alone, are measured; moreover, the
density of the yarns used to prepare the mesh is known. The
mesh is weighed. By means of a simple subtraction, the
volume occupied by the empty spaces within the mesh is
deduced therefrom. The porosity over the entire mesh is
determined as being the percentage of empty volume relative
to the total volume of the mesh.

In embodiments, a suitable two dimensional fabric for
obtaining an asymmetric mesh is prepared on a Rachel or
warp knitting machine with three threading tool bars and a
“marquisette” type weave, a bar forming a chain, two bars
moving symmetrically as partial weft. (See FIG. 7) The num-
ber of crossings “under” a needle of these two weft bars
determines the height of the opening. The three bars are one
threaded full, one empty 22 or 24 gauge with standard thread
or high tenacity thread count mini 150 dtex monofilament or
mini 50 dtex multifilament.

In other embodiments, another suitable two dimensional
mesh is obtained with three knitting bars one of which is
threaded full, with the two design bars one full and one empty.
(See FIG. 8.)

In yet other embodiments, another suitable two dimen-
sional mesh is obtained with one full bar, one empty bar and
two other one full and three empty (See FIG. 9).

Coating of the Reinforcement Member

In embodiments, the reinforcement member is coated, so
as to cover at least some of the surfaces of the reinforcement
member. In embodiments, most of the accessible surfaces of
the reinforcement member are covered. In some embodi-
ments, the resulting coated reinforcement member may
appear partially or fully embedded in the coating formulation.
Itis envisioned that the reinforcement member may be coated
with any bioabsorbable, non-bioabsorbable, natural, and syn-
thetic material previously described.

In the embodiment shown in FIG. 2, composite implant
110 includes non-porous layers 120, porous layer 130 and
reinforcement members 140 which in this illustrative
embodiment are multifilament yarns coated with coating 145
and embedded within non-porous layer 120. Where two rein-
forcement members are used, for example, a reinforcement
member and an additional reinforcement member, each rein-
forcement member may be coated and the coating composi-
tions may be the same or different on each reinforcement
member. It is also envisioned that where two reinforcement
members are used, one may be coated and one may remain
uncoated. In the embodiment shown in FIG. 5, for example,
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only reinforcement member 260 includes a coating 265 while
reinforcement member 240 is uncoated. In the embodiment
shown in FIG. 6, composite implant 310 includes non-porous
layers 320 and 350, porous layer 330 and reinforcement
members 340 with coating 345 and 360 with coating 365,
which in this illustrative embodiment are embedded within
non-porous layers 320 and 350, respectively.

In embodiments where the reinforcement member is a
mesh, it may be coated with a collagenic coating by soaking
the mesh once, twice, three times or more in a collagenic
solution or suspension. The collagen can be native collagen or
gelatin, as described above. The collagen also may be chemi-
cally modified, by oxidation, esterification (e.g., methylation,
ethylation, succinylation) or the like. At the end of each
soaking cycle, the collagen layer laid on the mesh may be
further cross-linked by any known cross-linking agents such
as glutaraldehyde and isocyanates. Alternatively, the collagen
is cross-linked once at the end of the overall soaking process.

Where the reinforcement member is a mesh, the soaking
collagen solution or suspension may include non collagenic
components, such as glycosaminoglycans, among them chi-
tosan, as described above in connection with the porous layer.
The coating may be made from oxidized collagen and chito-
san. The layer of the collagenic solution or suspension may be
neutralized with an alkaline bath at the end of each soaking
cycle or only once when the overall soaking process is com-
pleted.

In embodiments, the mesh is coated with a collagen
crosslinked with a compound selected from glutaraldehyde,
hexamethylene diisocyanate (HMDI) and mixtures thereof.
In other embodiments, the mesh is coated with a mixture of
oxidized collagen and chitosan.

In some embodiments, where the reinforcing member is a
mesh, the mesh may be pretreated by plasma or gas tech-
niques for the formation of a layer containing bioactive agents
such as antimicrobial agents (e.g. DADMAC, Silver par-
ticles). For example, gas phase coating technology based on
siloxane chemistry may be applied to the surface of the mesh
where the siloxane thin film coating (<100 nm) material may
include silver particles as described in the patents U.S. Pat.
No. 6,984,392 and EP 1,691,606 B1.

Optional Bioactive Agents

In some embodiments, at least one bioactive agent may be
combined with the implant and/or any of the individual com-
ponents (the porous layer, the one or more non-porous layers,
the one or more reinforcement members and/or the coating on
the one or more reinforcement members) used to construct
the implant. In these embodiments, the implant can also serve
as a vehicle for delivery of the bioactive agent. The term
“bioactive agent”, as used herein, is used in its broadest sense
and includes any substance or mixture of substances that have
clinical use. Consequently, bioactive agents may or may not
have pharmacological activity per se, e.g., a dye, or fragrance.
Alternatively a bioactive agent could be any agent which
provides a therapeutic or prophylactic effect, a compound
that affects or participates in tissue growth, cell growth, cell
differentiation, an anti-adhesive compound, a compound that
may be able to invoke a biological action such as an immune
response, or could play any other role in one or more biologi-
cal processes. It is envisioned that the bioactive agent may be
applied to the medical device in any suitable form of matter,
e.g., films, powders, liquids, gels and the like.

Examples of classes of bioactive agents which may be
utilized in accordance with the present disclosure include
anti-adhesives, antimicrobials, analgesics, antipyretics, anes-
thetics, antiepileptics, antihistamines, anti-inflammatories,
cardiovascular drugs, diagnostic agents, sympathomimetics,



US 9,242,026 B2

15

cholinomimetics, antimuscarinics, antispasmodics, hor-
mones, growth factors, muscle relaxants, adrenergic neuron
blockers, antineoplastics, immunogenic agents, immunosup-
pressants, gastrointestinal drugs, diuretics, steroids, lipids,
lipopolysaccharides, polysaccharides, and enzymes. It is also
intended that combinations of bioactive agents may be used.

Anti-adhesive agents can be used to prevent adhesions
from forming between the implantable medical device and
the surrounding tissues opposite the target tissue. In addition,
anti-adhesive agents may be used to prevent adhesions from
forming between the coated implantable medical device and
the packaging material. Some examples of these agents
include, but are not limited to poly(vinyl pyrrolidone), car-
boxymethyl cellulose, hyaluronic acid, polyethylene oxide,
poly vinyl alcohols and combinations thereof.

Antimicrobial agents may be included as a bioactive agent
in the bioactive coating and/or in the film layers of the present
disclosure to reinforce the antimicrobial properties of the
implant of the present disclosure. Suitable antimicrobial
agents include triclosan, also known as 2.4.,4'-trichloro-2'-
hydroxydipheny] ether, chlorhexidine and its salts, including
chlorhexidine acetate, chlorhexidine gluconate, chlorhexi-
dine hydrochloride, and chlorhexidine sulfate, biocide qua-
ternary ammonium salts such as dimethyl diallyl ammonium
chloride (DADMAC) and its derivatives, silver and its salts,
including silver acetate, silver benzoate, silver carbonate,
silver citrate, silver iodate, silver iodide, silver lactate, silver
laurate, silver nitrate, silver oxide, silver palmitate, silver
protein, and silver sulfadiazine, polymyxin, tetracycline,
aminoglycosides, such as tobramycin and gentamicin,
rifampicin, bacitracin, neomycin, chloramphenicol, micona-
zole, quinolones such as oxolinic acid, nortloxacin, nalidixic
acid, pefloxacin, enoxacin and ciprofloxacin, penicillins such
as oxacillin and pipracil, nonoxynol 9, fusidic acid, cepha-
losporins, and combinations thereof. In addition, antimicro-
bial proteins and peptides such as bovine lactoferrin and
lactoferricin B and antimicrobial polysaccharides such as
fucans and derivatives and oligomers of chitosan may be
included as a bioactive agent in the bioactive coating of the
present disclosure.

Other bioactive agents which may be included as a bioac-
tive agent in the coating composition and/or in the film layer
composition applied in accordance include: local anesthetics;
non-steroidal antifertility agents; parasympathomimetic
agents; psychotherapeutic agents; tranquilizers; deconges-
tants; sedative hypnotics; steroids; sulfonamides; sympatho-
mimetic agents; vaccines; vitamins; antimalarials; anti-mi-
graine agents; anti-parkinson agents such as [.-dopa; anti-
spasmodics; anticholinergic agents (e.g. oxybutynin);
antitussives; bronchodilators; cardiovascular agents such as
coronary vasodilators and nitroglycerin; alkaloids; analge-
sics; narcotics such as codeine, dihydrocodeinone, meperi-
dine, morphine and the like; non-narcotics such as salicylates,
aspirin, acetaminophen, d-propoxyphene and the like; opioid
receptor antagonists, such as naltrexone and naloxone; anti-
cancer agents; anti-convulsants; anti-emetics; antihista-
mines; anti-inflammatory agents such as hormonal agents,
hydrocortisone, prednisolone, prednisone, non-hormonal
agents, allopurinol, indomethacin, phenylbutazone and the
like; prostaglandins and cytotoxic drugs; estrogens; antibac-
terials; antibiotics; anti-fungals; anti-virals; anticoagulants;
anticonvulsants; antidepressants; antihistamines; and immu-
nological agents.

Other examples of suitable bioactive agents which may be
included in the coating composition and/or in the film layer
composition include viruses and cells, peptides, polypeptides
and proteins, analogs, muteins, and active fragments thereof,
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such as immunoglobulins, antibodies, cytokines (e.g. lym-
phokines, monokines, chemokines), blood clotting factors,
hemopoietic factors, interleukins (IL-2, 1L-3, IL-4, IL-6),
interferons ((3-IFN, (a-IFN and y-IFN), erythropoietin,
nucleases, tumor necrosis factor, colony stimulating factors
(e.g., GCSF, GM-CSF, MCSF), insulin, anti-tumor agents
and tumor suppressors, blood proteins, gonadotropins (e.g.,
FSH, LH, CG, etc.), hormones and hormone analogs (e.g.,
growth hormone), vaccines (e.g., tumoral, bacterial and viral
antigens); somatostatin; antigens; blood coagulation factors;
growth factors (e.g., nerve growth factor, insulin-like growth
factor); protein inhibitors, protein antagonists, and protein
agonists; nucleic acids, such as antisense molecules, DNA
and RNA; oligonucleotides; polynucleotides; and ribozymes.
Assembling the Implant

In an illustrative embodiment, the implant is prepared by
first pouring a solution of collagenic constituent, destined to
form a non-porous layer, such as a film, possibly containing
the hydrophilic additive(s) and glycerine, onto an adequate,
substantially flat support and distributing it evenly.

The support is inert in that it does not react with the above-
mentioned components and is not involved in the cross-link-
ing process. The support may advantageously be made from
a hydrophobic material such as, for example, PVC or poly-
styrene. However, this support can also consist of a strippable
material which will remain slightly adhesive and which can
then be separated from the implant at the time of surgical use.
This support may itself also consist of a film, for example
dried collagen, onto which the solution is poured, or a layer of
collagenic material gel in a distinctly more advanced state of
gelification.

The density of the thin layer initially applied as a solution
to the substrate can be from about 0.1 g solution/cm? to about
0.3 g solution/cm?. This collagenic solution advantageously
may be poured at a temperature from about 4° C. to about 30°
C., and in embodiments from about 18° C. to about 25° C.
Once applied to the substrate, the collagen solution is allowed
to partially gel. Partial gelling results from cooling of the
collagen solution, and not from drying of the solution.

A mesh reinforcement member is then applied to the solu-
tion. Application of the reinforcement member onto the solu-
tion means simply laying the reinforcement member onto the
solution or partially gelled solution, and optionally applying
slight pressing. The pressing should be insufficient to cause
any significant disruption of the portion of the layer of solu-
tion in contact with the support/substrate thereby helping to
maintain the integrity and anti-adhesion characteristics of the
non-porous layer. The pressing may leave the surface of the
reinforcement member exposed at the surface of the solution
or may embed the reinforcement member completely within
the layer of solution.

Following application of the mesh reinforcement member,
but before complete gellification of the initially applied solu-
tion, additional solution may be applied in an amount suffi-
cient to cover the mesh, so that it is completely embedded
within the solution. Where pressing has already embedded
the reinforcement member in the solution, application of
additional solution may be eliminated.

This solution containing the embedded mesh reinforce-
ment member is left to gel and a porous layer prepared as
indicated above is applied to the solution during gelification.

Application of the porous layer onto the solution during
gelification means simply laying the porous layer onto the
gel, and optionally applying slight pressing. The pressing
should be insufficient to cause any significant compaction of
the porous layer. In embodiments where the porous layer has
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been pre-formed, the porous layer will become joined to the
solution, but will not become interlocked with the mesh rein-
forcement member.

The moment at which the porous layer is applied to the
solution during gelification will depend upon the nature of the
solution employed, the conditions under which the solution is
maintained during gelification and the nature of the porous
layer. Generally, the solution will be allowed to gellify for a
period of time prior to application of the porous layer such
that the gel is still soft and allows the porous layer to penetrate
over a distance which is advantageously from about 0.05 mm
to about 2 mm and, in embodiments from about around 0.1
mm to about 0.5 mm. The appropriate moment for application
of the porous layer for any given combination of materials/
conditions can be determined empirically, for example by
applying small samples of the porous layer to the gel at
various times and evaluating the degree of penetration and
adherence. Generally, when the solution which is gelling is at
atemperature of between about 4 and 30° C., the porous layer
can be applied from about 5 to about 30 minutes after the
solution has been poured over the surface holding it.

The composite implant is left to dry or dried in order to
obtain the final implant. When the collagenic solution des-
tined to form the film includes oxidized collagen, it is poly-
merized while the material is drying. This drying occurs
favorably at a temperature of from about 4° C. to about30° C.,
in embodiments from about 18° C. to about 25° C. In other
embodiments, the implant is further processed by adding a
second non-porous layer on the other side, as described
above. The material can be dried in a jet of sterile air if
desired.

After drying, the implant can be separated from its support,
packaged and sterilized using conventional techniques, e.g.,
irradiation with beta (electronic irradiation) or gamma (irra-
diation using radioactive cobalt) rays. In embodiments where
hydrolytically unstable materials are used in forming the
composite, such as polyglycolic acid, polylactic acid the
composites are packaged under sufficiently dry conditions to
ensure that no degradation of the composite takes place dur-
ing storage.

The present implants are stable at ambient temperature and
remains stable for long enough to be handled at temperatures
which may rise to temperatures of from about 37 to 40° C. The
thickness of the non-porous layer is not critical, but typically
can be less than about 100 pm thick, and in embodiments
from about 30 um to about 75 pum thick. Likewise, the thick-
ness of the porous layer is not critical, but typically can be
from about 0.1 cm to about 1.5 cm thick, and in embodiments
from about 0.3 cm to about 1.2 cm thick. The implants in
accordance with this disclosure can be produced at a desired
size or produced in large sheets and cut to sizes appropriate
for the envisaged application.

The present composites may be implanted using open sur-
gery or in a laparoscopic procedure. When implanted laparo-
scopically, the composite implant should be rolled with the
porous side on the inside before trocar insertion.

The porous layer of the present implant can act as a long
lasting support of the repair and/or regeneration of any soft
tissues. The high density of the porous layer—from about 20
mg/cm?® to about 200 mg/cm>—protects the healing wound to
some extent from bacteria and micro-organisms.

On the other hand, the implants described herein are par-
ticularly suitable for preventing post-operative adhesion, par-
ticularly in bleeding wounds, because the film prevents adher-
ence. The non-porous layer also protects the healing wound
for several days as it forms a barrier to bacteria and micro-
organisms.
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In embodiments where a mesh is used as a reinforcement
member, the mesh will aid in affixing the composite to tissue
without tearing of the porous or non-porous layers. The com-
posite may be affixed to tissue using any conventional fas-
tener, such as, for example, sutures, staples, tacks, two part
fasteners, and the like. In embodiments, the fastener used to
affix the composite to tissue is bioabsorbable, providing
securement of the composite to a desired location long
enough for tissue ingrowth to occur.

EXAMPLES

The following non-limiting examples show possible com-
binations of the materials and their hemostatic powers and
ability to prevent post-operative tissue adhesions.

Example 1
1°) Obtention of Purified Fibers of Collagen

The collagen used is porcine collagen type I, extracted
from porcine dermis by solubilization at acidic pH or by
digestion with pepsin, and purified by saline precipitations
according to known techniques (see for example FR-A-2 715
309). Dry collagen fibers obtained by precipitation of an acid
solution of such a collagen by adding NaCl, and then washing
and drying of the precipitate obtained with aqueous solutions
of acetone having an increasing concentration of 80% to
100%, are used in the following steps of the present example.

2°) Preparation of Porous Layer

a) Preparation of Glutaraldehyde-Crosslinked Collagen

Purified fibers of collagen obtained in 1°) are solubilized in
water at a final concentration of 1% ny/v. The solution of
collagen at 1% m/v is then neutralized by adding sodium
phosphate at a final concentration of 20 mM. The final pH of
the suspension was measured at between 6.5 and 7.5. Glut-
araldehyde (aqueous solution of glutaraldehyde at 25%, m/v,
sold by the company Fluka Chemie GmbH, Buchs, Switzer-
land) is then added to the suspension at a final concentration
of 0.5% m/v. After two hours at ambient temperature, col-
lagen fibers are recovered by filtration of the suspension
through a nylon mesh. These fibers are then treated with
sodium borohydride for at least two hours until the yellow
coloration of the fibers has completely disappeared. The
white fibers thus obtained are washed and neutralized at pH
6.5-7.5, and dried by removing the water with acetone. The
acetone residues are then evaporated off.

b) Preparation of Oxidized Collagen

A 30 g/l solution of collagen is prepared by dissolving
purified fibers of collagen obtained in 1°) in 0.01 N HCI. Its
volume is 49 liters. Periodic acid is added to it at a final
concentration of 8 mM, i.e., 1.83 g/1. Oxidation takes place at
an ambient temperature close to 22° C. for 3 hours away from
light.

Then an equal volume of a solution of sodium chloride is
added to the solution to obtain a final concentration of 41 g/1
NaCl.

After waiting for 30 minutes, the precipitate is collected by
decantation through a fabric filter, with a porosity close to 100
microns, then washed 4 times with a 41 g/1 solution of NaCl
in 0.01 N HCI. This produces 19 kg of acid saline precipitate.
This washing process eliminates all traces of periodic acid or
iodine derivatives during oxidation of the collagen.
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Then, several washes in an aqueous solution of 80%
acetone are used to concentrate the collagen precipitate and
eliminate the salts present.

A final wash in 100% acetone is used to prepare 3.6 kg of
avery dense acetone precipitate of acid, oxidized, non-reticu-
lated collagen, with no trace of undesirable chemical prod-
ucts.

The acetone paste is diluted with apyrogenic distilled water
at ambient temperature, to obtain a 2% concentration of col-
lagen.

¢) Preparation of a Composition of Collagen Under the
Form of a Collagenic Suspension

A composition under the form of a suspension of collagen
is prepared by mixing the glutaraldehyde-crosslinked col-
lagen obtained in a) above and the oxidized collagen obtained
in b) above, at the following concentrations:

0.5 to 3% m/v of glutaraldehyde-crosslinked collagen,

0.2 to 2% m/v of oxidized collagen.

d) Preparation of the Porous Layer by Freeze-Drying

The collagen suspension thus obtained in ¢) above is then
lyophilized according to the following method: freezing is
carried out as rapidly as possible, by decreasing the tempera-
ture of the product from 8° C. to —45° C., generally in less than
2 hours. Primary desiccation is initiated at —45° C., at a
pressure of from 0.1 to 0.5 mbar. During this step, the tem-
perature is gradually increased, with successive slopes and
plateau, to +30° C. The lyophilization ends with secondary
desiccation, at +30° C., for 1 to 24 hours. The vacuum at the
end of secondary desiccation is between 0.005 and 0.2 mbar.
The total lyophilization time is from 18 to 72 hours.

After the freeze-drying, the porous layer is packed down, in
other words compressed, so as to reduce its thickness from
about 1.2 times to about 5 times and so as to give the porous
layer a three dimensional density ranging from 20 mg col-
lagen/cm® to about 200 mg collagen/cm’ either in the dry or
wetted state.

The porous layer may be optionally treated with a solution
ofhexamethylene diisocyanate (HMDI) 0.1% w/v in acetone.
The treatment period is about 20 hrs. The porous layer is then
washed several times with acetone. The solvent is then elimi-
nated by evaporation. HMDI may be replaced by any other
suitable cross-linking agent such as glutaraldehyde, isocyan-
ates (e.g. isophorone diisocyanate), bifunctional or trifunc-
tional glycidyl ethers, carbodiimides, acyl azides, divinylsul-
phone.

In any case, the porous layer is then heated at 50° C. for a
period lasting between 15 and 24 hours to improve the cohe-
sion and mechanical resistance of the lyophilized product
during assembly of the composite.

3°) Preparation of a Solution of Oxidized Collagen
Used to Form a Non-Porous Film

Oxidized collagen is prepared as described above in 2°)b)
in this example, but with minor modifications, at the end of
the manufacturing process. The acetone paste is diluted with
apyrogenic distilled water at 40° C., to obtain a 3% concen-
tration of collagen, for a volume of 44 liters. The collagen
suspension of a volume ot 44 liters is heated for 30 minutes at
50° C., then filtered under sterile conditions through a mem-
brane of 0.45 micron porosity in a drying oven at 40° C.

As soon as this solution is homogeneous and at 35° C., a
sterile concentrated solution of PEG 4000 (polyethylene gly-
col with a molecular weight o£ 4000 Daltons) and glycerine is
added to it to produce a final concentration of 0.9% PEG,
0.54% glycerine and 2.7% oxidized collagen.
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As soon as these additions have been made, the pH of the
solution is adjusted to 7.0 by adding a concentrated solution
of sodium hydroxide.

4°) Coating of the Reinforcement Member

A knitted isoelastic, multifilament polylactic acid/polyes-
ter mesh reinforcement member is coated in a solution of type
1 porcine collagen at 0.8 m/v, by soaking it in the solution,
with a padder, machine usually employed in the textile indus-
try for coating process. This cycle of processes is repeated up
to three times in order to obtain the full covering of the mesh.

Atthe end of the coating, the collagen deposited on the knit
is cross-linked with glutaraldehyde at 0.5% m/v (aqueous
solution of glutaraldehyde at 25%, m/v, sold by the company
Fluka Chemie GmbH, Buchs, Switzerland), at neutral pH (pH
between 6.5 and 7.5), for 2 hours, and is then reduced with
sodium borohydride. The reagents used are removed by
washing the knit with several water baths.

The cross-linking of the collagen deposited on the knit can
alternatively be carried out at the end of each coating cycle.

5°) Preparation of a Biosynthetic Mesh for Soft
Tissue Repair

An implant having a porous layer made from a composition
that includes a collagen joined to a fiber-reinforced film made
from a composition that includes a collagenic constituent is
prepared. The collagen solution destined to form the non-
porous layer, as described in 3°) above, is poured in a thin
layer on a framed, flat hydrophobic support such as PVC or
polystyrene, at an ambient temperature close to 22° C. The
amount of solution used is 0.133 grams of solution per square
centimeter of support. The collagen layer is let for about 15
min under a laminar flow hood. Then, the collagen coated
reinforcement member obtained in 4°) above is pressed in the
gelled collagen layer. The pre-made porous layer obtained in
2°) is then applied and adheres to the still sticky surface of the
collagen solution.

The composite material is then dehydrated in a drying
cabinet at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m%s.

An implant is obtained, which is long lasting and resists
tearing when put under moist conditions similar to conditions
encountered during implantation. In particular, the implant of
the present example maintains its integrity, its strength and its
resistance to tearing even after being it soaked in water during
24 hours atambient temperature (18-25° C.). Such an implant
may be used for hernia repair.

Example 2

The product of Example 1 is further processed by adding a
second non-porous layer on the other side. This second non-
porous layer includes a second reinforcement member.

The collagen solution destined to form the second non-
porous layer, as described in above Example 1, part 3°), is
poured in a thin layer on a framed, flat hydrophobic support
such as PVC or polystyrene, at an ambient temperature close
to 22° C. The amount of solution used is 0.133 grams of
solution per square centimeter of support. The collagen layer
is let for about 15 min under a laminar flow hood. Then, a
second collagen coated reinforcement member is pressed in
the partially gelled collagen layer. Finally, the porous layer of
the final product of Example 1 is laid on the partially gelled,
second non-porous layer, in which the second reinforcement
member is embedded.
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The composite material is then dehydrated in a drying
cabinet at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m?/s.

An implant is obtained, which is long lasting and resists
tearing when put under moist conditions similar to conditions
encountered during implantation. In particular, the implant of
the present example maintains its integrity, its strength and its
resistance to tearing even after being it soaked in water during
24 hours atambient temperature (18-25° C.). Such an implant
may be used for hernia repair.

Example 3
1°) Preparation of Porous Layer

A composition of a collagen/chitosan mixture was pre-
pared by mixing an acidic solution of oxidized collagen and
an acidic solution of chitosan in different proportions with a
final polymer concentration of 1% (w/w).

a) Oxidized Collagen

Oxidized collagen was obtained as described in the porous
layer description of the Example 1, part 2°)b). A 2% w/v
solution of oxidized collagen was obtained from the collagen
paste, at ambient temperature.

b) Chitosan

The chitosan was solubilized in deionized water with a
stoichiometric amount of hydrochloric acid with a polymer
concentration of 3% (w/w). The pH of the chitosan solution
was about 5, but the pH could have been adjusted to 3 to have
better control of the crosslink kinetic between the oxidized
collagen and chitosan.

¢) Freeze Dried Composite

Several mixtures of various blends of oxidized collagen
and chitosan as well as native collagen and chitosan (approxi-
mately 180 g) were obtained. Optionally, bioactive agents are
included, such as antimicrobial agents. To the collagen prepa-
ration, may be added glycerol up to 1% w/v. The mixtures
were poured within a 12 cm by 17 cm plastic box and freeze-
dried for 48 hours. The samples were then neutralized ina 1M
sodium hydroxide bath for 1 hour and thoroughly washed in
deionized water until the pH reached 7. The freeze-dried
sponges were then packed down, i.e., compressed, to obtain a
porous layer with a final thickness of 3 mm and a three
dimensional density ranging from 20 mg collagen/cm® to
about 200 mg collagen/cm®, either in the dry or wetted state.

Additives, such as fucans, oligomers of chitosan, native or
chemically modified glucosaminoglycans, which may induce
self chemical crosslink between collagen and glucosami-
noglycans (hyaluronic acid, sulphate chondroitin, etc), oxi-
dized starch, and any other product which may enhance tissue
repair, limit the risk of sepsis, and modulate the mechanical
properties of the composite (swelling rate in water, tensile
strength, etc) could have been added to the blend of oxidized
collagen and chitosan.

The porous layer is then heated at a temperature equal or
above 50° C. for a period lasting between 15 and 24 hours to
improve the cohesion and mechanical resistance of the lyo-
philized product during assembly of the composite.

2°) Coating of the Reinforcement Member

A knitted isoelastic, multifilament polylactic acid/polyes-
ter mesh reinforcement member is soaked once, twice, or
three times in an oxidized collagen/chitosan mixture with a
padder, then dried and neutralized with an alkaline bath so as
to cover the accessible surface of the mesh yarns. Alterna-
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tively, layers of oxidized collagen/chitosan mixture may be
neutralized after each soaking cycles.

3°) Preparation of a Biosynthetic Mesh for Soft
Tissue Repair

An implant having a porous layer made from a composition
that includes a cross-linked network of oxidized collagen and
chitosan joined to a fiber-reinforced film made from a com-
position that includes a collagenic constituent is prepared.
The collagen solution destined to form the non-porous layer,
as described in the Example 1, part 3°), is poured in a thin
layer on a framed, flat hydrophobic support such as PVC or
polystyrene, at an ambient temperature close to 22° C. The
amount of solution used is 0.133 grams of solution per square
centimeter of support. The collagen layer is let for about 15
min under a laminar flow hood. Then, the collagen coated
reinforcement member as obtained in 2°) above is pressed in
the gelled collagen layer. The pre-made, compressed porous
layer as obtained in 1°)d) above is then applied and adheres to
the still sticky collagen solution of the non-porous layer
exposed through the pores of the mesh.

The composite material is then dehydrated in a drying
cabinet at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m%s.

The composite material may be optionally treated with a
solution of hexamethylene diisocyanate (HMDI) 0.1% w/v in
isopropanol. The treatment period is about 20 hrs. The porous
layer is then washed several times with acetone. The solvent
is then eliminated by evaporation.

HMDI may be replaced by any other suitable cross-linking
agent such as glutaraldehyde, other isocyanates, bifunctional
or trifunctional glycidyl ethers, carbodiimides, acyl azides,
divinylsulphone.

The porous layer can be further heated at about 50° C. for
a period lasting between 15 and 24 hours to improve the
cohesion and mechanical resistance of the lyophilized prod-
uct during assembly of the composite

An implant is obtained, which is long lasting and resists
tearing when put under moist conditions similar to conditions
encountered during implantation. In particular, the implant of
the present example maintains its integrity, its strength and its
resistance to tearing even after being it soaked in water during
24 hours atambient temperature (18-25° C.). Such an implant
may be used for hernia repair.

Example 4
1°) Collagen Used

The collagen used are purified fibers of collagen as
described in example 1, part 1°).

2°) Preparation of Porous Layer

a) Preparation of a Composition of Hexamethylene Diiso-
cyanate (HMDI)-Crosslinked Collagen

Fifty grams of dry purified fibers of porcine collagen of 1°)
above are mixed with 1 liter of acetone. One gram of HMDI
is then added to the collagen suspension. The mixture is let,
under agitation, overnight, at ambient temperature. Collagen
fibres are then recovered by filtration of the suspension
through a nylon mesh and are thoroughly washed with dry
acetone to remove HMDI and acetone soluble HMDI byprod-
ucts. The cross-linked collagen fibres thus obtained are dried
by removing the acetone residues. They may be further
ground.
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b) Preparation of Oxidized Collagen

Oxidized collagen is prepared from porcine collagen as
described in Example 1, part 2°)b).

¢) Preparation of the Collagenic Suspension

A composition under the form of a suspension of collagen
is prepared by mixing the HMDI-crosslinked collagen of a)
above, the oxidized collagen of b) above and, optionally
glycerol, at the following concentrations:

0.5 to 3% w/v of HMDI-crosslinked collagen,

0.2 to 2% w/v of oxidized collagen,

0 to 1% w/v of glycerol

d) Preparation of the Porous Layer by Freeze-Drying

Several compositions as above in ¢) under the form of
mixtures of various blends of oxidized collagen and HMDI-
cross-linked collagen (approximately 180 g) were poured
within a 12 cm by 17 cm plastic box and freeze-dried for 48
hours.

After the freeze-drying, the porous layer is packed down,
i.e., compressed, so as to reduce its thickness from about 1.2
times to about 5 times and so as to obtain a three dimensional
density ranging from 20 mg collagen/cm’ to about 200 mg
collagen/cm?, either in the dry or wetted state.

The porous layer may be optionally treated with a solution
ofhexamethylene diisocyanate (HMDI) 0.2% w/v in acetone.
The treatment period is about 20 hrs. The porous layer is then
washed several times with acetone. The solvent is then elimi-
nated by evaporation.

HMDI may be replaced by any other suitable cross-linking
agent such as glutaraldehyde, isocyanates, bifunctional or
trifunctional glycidyl ethers, carbodiimides, acyl azides, divi-
nylsulphone.

In any case, the porous layer is then heated at a temperature
above 50° C. for a period lasting between 15 and 24 hours to
improve the cohesion and mechanical resistance of the lyo-
philized product during assembly of the composite.

3°) Coating of the Reinforcement Member

A knitted isoelastic, multifilament polylactic acid/polyes-
ter mesh reinforcement member is coated in a solution of type
I porcine collagen at 0.8% m/v, by soaking it in the solution,
with a padder, machine usually employed in the textile indus-
try for coating process. This cycle of processes is repeated up
to three times in order to obtain the full covering of the mesh.

Atthe end of the coating, the collagen deposited on the knit
is cross-linked with HMDI. The knit is crosslinked in 100 ml
of a phosphate buffer (0.054 M Na,HPO,, 0.013 M
NaH,PO,, pH 7.4) containing 3% (w/w) HMDI and 1.0%
(wiw) Tween 80 (polyoxyethylenesorbitan monooleate) as a
surfactant for 20 h at room temperature. The knits are then
rinsed for 30 min by running demineralized water, washed
twice for 30 min with 4 M NaCl and washed four times for 30
min with distilled water to remove unreacted HMDI or sur-
factant before drying the knit.

The cross-linking of the collagen deposited on the knit can
alternatively be carried out at the end of each coating cycle.

4°) Preparation of a Biosynthetic Mesh for Soft
Tissue Repair

An implant having a foam layer (porous layer) made from
a composition that includes a collagen joined to a fiber-rein-
forced film made from a composition that includes a col-
lagenic constituent is prepared. The collagen solution des-
tined to form the non-porous layer, as described in the
Example 1, part 3°) is poured in a thin layer on a framed, flat
hydrophobic support such as PVC or polystyrene, at an ambi-
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ent temperature close to 22° C. The amount of solution used
is 0.133 grams of solution per square centimeter of support.
The collagen layer is let for about 15 minunder a laminar flow
hood. Then, the collagen coated reinforcement member 0f3°)
above is pressed in the gelled collagen layer. The pre-made,
compressed porous layer obtained in 2°) above is then applied
and adheres to the still sticky collagen solution exposed
through the pores of the mesh.

The composite material is then dehydrated in a drying
cabinet at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m%s.

A second non-porous layer may be further prepared by
pouring the collagen solution as above in a thin layer on a
framed, flat hydrophobic support such as PVC or polystyrene,
at an ambient temperature close to 22° C. The amount of
solutionused is 0.133 grams of solution per square centimeter
of support. The collagen layer is let for about 15 min under a
laminar flow hood. Then, the porous layer of the composite
material obtained above is pressed in the gelled collagen
layer.

The resulting material is then dehydrated in a drying cabi-
net at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m%s.

An implant is obtained, which is long lasting and resists
tearing when put under moist conditions similar to conditions
encountered during implantation. In particular, the implant of
the present example maintains its integrity, its strength and its
resistance to tearing even after being it soaked in water during
24 hours atambient temperature (18-25° C.). Such an implant
may be used for hernia repair.

Example 5

The product of Example 1 is further processed by adding a
second non-porous layer on the other side.

The collagen solution destined to form the second non-
porous layer, as described in Example 1, part 3°), is poured in
a thin layer on a framed, flat hydrophobic support such as
PVC or polystyrene, at an ambient temperature close to 22°
C. The amount of solution used is 0.133 grams of solution per
square centimeter of support. The collagen layer is let for
about 15 min under a laminar flow hood. Then, the porous
layer of the final product of Example 1 is laid on the partially
gelled second non-porous layer.

The composite material is then dehydrated in a drying
cabinet at 20° C. and 40% humidity with a horizontal flow of
filtered air at a velocity of 1.2 m%s.

An implant is obtained, which is long lasting and resists
tearing when put under moist conditions similar to conditions
encountered during implantation. In particular, the implant of
the present example maintains its integrity, its strength and its
resistance to tearing even after being it soaked in water during
24 hours atambient temperature (18-25° C.). Such an implant
may be used for hernia repair.

Example 6

1°) Collagen Used

The collagen used are purified fibers of collagen as
described in example 1, part 1°).
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2°) Preparation of the Porous Layer

a) Preparation of a Composition of HMDI-Crosslinked
Collagen

Fifty grams of dry fibers of porcine collagen as obtained in
1°) above are mixed with 5 liters of demineralized water,
under agitation. Once the solution is clear, the collagen is
further neutralized and precipitated with 1N sodium hydrox-
ide solution, at a pH ranging from 6.5 to 7.5. The collagen
precipitate is collected by centrifugation (10 min, 10,000
rpm). The precipitate is washed by 3 successive acetone baths
and is then completely dried. The yield of the neutralizing
step of collagen is generally over 90%.

Forty grams of dry neutralized collagen is mixed with 0.8
liter of acetone. Two thousand and four hundred milligrams of
HMDI is then added to the collagen suspension. The mixture
is let, under agitation, from 6 to 20 hrs, at ambient tempera-
ture, under mild agitation. Collagen fibres are then recovered
by filtration of the suspension through a nylon mesh and are
thoroughly washed with dry acetone to remove HMDI and
acetone soluble HMDI byproducts. This HMDI cross-linking
step can be repeated once or twice. At the end, the cross-
linked collagen fibres thus obtained are dried by removing the
acetone residues. If needed, they may be further milled.

A test confirmed that the obtained HMDI cross-linked
collagen is not substantially degraded by collagenase
(Sigma), after 1 day in contact with collagenase, at +37° C.
Generally, the degradation of the obtained HMDI cross-
linked collagen by collagenase is less than 5% of its original
amount whereas 65% or more of non cross-linked collagen is
degraded in the very same conditions of the collagenase test.

b) Preparation of Oxidized Collagen

Oxidized collagen is prepared from purified fibers of por-
cine collagen as described in the Example 1, part 2°)b).

¢) Preparation of a Composition Under the Form of a
Collagenic Suspension

A suspension of collagen is prepared by mixing the HMDI-
cross-linked collagen of a) above, and the oxidized collagen
of'b) above, at the following concentrations:

0.7 to 3% w/v of HMDI cross-linked collagen,

0.2 to 1.5% w/v of oxidized collagen.

d) Preparation of the Porous Layer by Freeze-Drying

Several compositions as above in ¢), under the form of
mixtures of various blends of oxidized collagen and HMDI-
cross-linked collagen (approximately 180 g) were poured
within a 12 cmx17 cm plastic box and freeze-dried for 48 hrs.

After the freeze-drying, the porous layer is further packed
down, ie compressed, with a press at a pressure between about
2 and about 12 bars, for a time ranging from 1 s to 20 s (Mader
Pressen) and/or with an isostatic press (ACB, France), at a
pressure between about 1,000 and about 1,500 bars, from
about 1 minute to about 5 minutes, so as to reduce its thick-
ness from about 1.5 to about 5 times, so as to get a final three
dimensional collagen density ranging from about 50 mg/cm>
to about 200 mg/cm?, either in a dry or wetted state.

Ten grams of the porous layer is further neutralized in one
liter of isopropanol/ethanol (95/5, v/v) containing from about
20 umol to about 70 umol of sodium hydroxide. The alcohol
mixture is further removed by several washings with acetone.
The porous layer is then treated with a solution of HMDI at a
concentration of collagen of 50 grams per liter and at a con-
centration of HMDI ranging from about 0.1% to about 3%
w/v. The mixture is let, under agitation, from 6 to 20 hrs, at
ambient temperature, under mild agitation. The porous layer
is then recovered by filtration removing acetone and is thor-
oughly washed with dry acetone to remove HMDI and
acetone soluble HMDI byproducts. This HMDI cross-linking
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step can be repeated once or twice. At the end, the porous
layer thus obtained is dried by removing the acetone residues.

A test has shown that the thus obtained porous layer is not
substantially degraded by collagenase (Sigma), after 1 day in
contact with collagenase, at +37° C. Generally, the degrada-
tion of the obtained HMDI cross-linked collagen by collage-
nase is less than 5% of its original amount whereas 65% or
more of non cross-linked collagen is degraded in the very
same conditions of the collagenase test.

3°) Coating of the Reinforcement Member

The coating reinforcement member is prepared as
described in the Example 1, part 4°).

4°) Preparation of a Biosynthetic Mesh for Soft
Tissue Repair

The biosynthetic mesh for soft tissue repair is prepared as
described in Example 1, part 5°).

Example 7
1°) Preparation of a Biosynthetic Implant

A porous later has been prepared as described in the
Example 6. The collagenic suspension is prepared by mixing
the glutaraldehyde-cross-linked collagen and the oxidized
collagen as obtained above in Example 6, at the following
concentration:

1.125% m/v of glutaraldehyde-cross-linked collagen,

0.375% m/v of oxidized collagen.

Two hundreds and forty grams of this collagen suspension
were poured within a 12 cm by 17 cm plastic box and freeze-
dried for 48 hrs.

After the freeze-drying, the obtained porous layer was
packed down, i.e., compressed, with the mechanical press
(Méger pressen) at 4 bars during two seconds and further
packed down with the isostatic press (ACB, France) at 1,000
bars during 1 minute and then at 1,300 bars during 2 minutes.

The porous layer (50 grams) has been further treated with
1 liter of solution of HMDI at the concentration of 3% w/v in
acetone, during 1 day. Then, the porous layer was extensively
washed with acetone for removing HMDI and HMDI byprod-
ucts. The HMDI cross-linking step was repeated twice. At the
end, the acetone was eliminated by evaporation.

The final thickness of the porous layer was about 1.5 mm
with a corresponding three dimensional density of collagen at
about 110 mg/cm?, either in a dry or wetted state.

The obtained porous layer was then further assembled with
a coated reinforcement member, the reinforcement member
being an isoelastic polyester mesh available under the trade-
name Parietex® C, from the company Sofradim, and showing
a weight density of about 110 g/m?. The Parietex® C mesh
was coated as described in Example 1, part 4°).

2°) Full Thickness Abdominal Wall Defect

A full thickness abdominal wall defect model has been
designed in rat for the evaluation of the biosynthetic implants
of the present Example. The surgery consisted in creating a
1.5x3.0 cm full defect of the lateral anterior parietal wall
(fascia, muscle and peritoneum). The defect was covered with
a 2.0x3.5 cm implant. On FIG. 10 are shown schematically
the llinea alba 100, the skin 101 and the abdominal muscles
102 of a rat.
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As aprophylactic measure the rats received a pre-operative
subcutaneous injections of carprofene (Pfizer) and enrofloxa-
cine (Bayer). The abdomen was clipped free of fur. The skin
was scrubbed and painted with povidone iodine (Vetoquinol).
With reference to FIG. 10, a medial incision of the abdominal
skin 101 was performed. The left external surface of the
abdominal wall was exposed. A full thickness 1.5x3 cm
square defect 103 was created within the abdominal muscu-
lature 102. The peritoneum was removed together with the
abdominal muscular layer. One defect 103 was created per
animal. Each defect 103 was covered with an approximately
2x3.5 cm square implant 104 obtained in 1°) above, as
depicted on FIG. 10. One product/implant 104 was implanted
per animal, with smooth side on the flank of the abdominal
cavity. The product was sutured using absorbable sutures 105
(such as Monocryl 4-0, Ethicon, France). The skin 101 was
closed by continuous intracutaneous absorbable sutures
(Mersilk 1 4Ph., Ethicon, France). A dressing was applied on
the abdomen.

Macroscopic and microscopic observations of the implants
were made at 2 weeks and 4 weeks. They showed the nice
integration of the implant, fully covering the defect, starting
to be cell colonized in its full thickness. No obvious signs of
herniation, in particular at the edges of the implant in the
abdominal wall were noticed. No significant degradation of
the implant, in particular the mesh itself and the porous layer,
was as well observed, even after 4 weeks,

It was noticed, even after 4 weeks of implantation, that the
implant was not delaminated, for example having the mesh
fully detached from the porous layer.

Example 8

The implant of Example 7 was repeated, wherein the poly-
ester Parietex® C mesh was replaced by an isoelastic
polypropylene mesh available under the tradename Pari-
etene® PPL from the company Sofradim and having a weight
density of about 40 g/m?.

Example 9

The implant of Example 7 was repeated, wherein the poly-
ester Parietex® C mesh was replaced by an isoelastic poly-
ester mesh available under the tradename Parietex® CL from
the company Sofradim and having a weight density of about
60 g/m>.

Example 10
1°) Preparation of Porous Layers

The porous layers have been prepared as described in the
Example 6. The collagenic suspension is prepared by mixing
the glutaraldehyde-cross-linked collagen and the oxidized
collagen obtained in Example 6 above, at the following con-
centrations:

Products A & B

1.125% m/v of glutaraldehyde-cross-linked collagen,

0.375% m/v of oxidized collagen.

A first product, the product A, was prepared by pouring one
hundred and eighty grams of this collagen suspension within
a12 cm by 17 cm plastic box and freeze-dried for 48 hrs. After
the freeze-drying, the obtained porous layer was packed
down with the isostatic press (ACB, France) at 1,000 bars
during 1 minute and then at 1,300 bars during 2 minutes. Ithas
been packed in sealed aluminium/PET pouches, and further
stored in an oven, at +103° C., during 1 day. It was then
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gamma-irradiated at a dose between 25 and 45 kGy and
further heated at +50° C., during 2 days.

The final thickness of the porous layer was about 1.1 mm
with a corresponding three dimensional density of collagen at
about 135 mg/cm?, after its soaking in water during 24 hrs, at
ambient temperature, i.e., in the wetted state of the porous
layer.

A second product, the product B, was prepared by pouring
two hundreds and forty grams of this collagen suspension
within a 12 cm by 17 cm plastic box and freeze-dried for 48
hrs. After the freeze-drying, the obtained porous layer was
packed down with the isostatic press (ACB, France) at 1,000
bars during 1 minute and then at 1,300 bars during 2 minutes.
About 50 grams of the thus obtained porous layer has been
further treated with 1 liter of solution of HMDI at the con-
centration of 3% w/v in acetone, during 1 day. Then, the
porous layer was extensively washed with acetone for remov-
ing HMDI and HMDI byproducts. At the end, the acetone was
eliminated by evaporation. It has been packed in sealed alu-
minium/PET pouches, and further stored in an oven, at +103°
C., during 1 day. It was then gamma-irradiated at a dose
between 25 and 45 kGy and further heated at +50° C., during
2 days.

The final thickness of the porous layer was about 0.9 mm
with a corresponding three dimensional density of collagen at
about 125 mg/cm?, after its soaking in water during 24 hrs, at
ambient temperature, ie in a wetted state of the porous layer.

2°) Sub-Cutaneous Implantation of the Porous
Layers A & B, in Rats

The sterile porous layers A & B, obtained as described
above, were available as 10x20 mm pieces which were sub-
cutaneously implanted in rats. The rats were sacrificed at 2, 4
and 12 weeks, after the implantation of the porous layers
(three animals per time period with three sites per article and
per time period). Macroscopic and histological observations
have been performed for the evaluation of the implanted
porous layers, in particular, for the evaluation of the local
tolerance, the cellular or tissular colonization and implant
degradation.

The study was based on the ISO10993 standard: Biological
evaluation of medical devices, Part 6 (2007): Tests for local
effects after implantation.

There was no evidence of morbidity or mortality during the
study. No clinical abnormalities were detected during the
course of the study. The porous layers A & B behaved in a
similar way. At 2 weeks, the products were moderately inte-
grated into the surrounding tissues with a moderate grade of
cells and tissue colonization. A moderate grade of inflamma-
tion reaction was observed and products were slightly
degraded by phagocytic cells. Very similar findings were
observed at 4 weeks as compared to the 2 week time period
with no fibrin and collagen deposit within the products, even
if the product A showed better signs of colonization and
integration. No significant increase of biodegradation was
observed. At 12 weeks, very similar findings were also
observed as compared to the previous time points (2 & 4
weeks), but with better tissue integration and cell coloniza-
tion within the full thickness of'the porous layers. The porous
layers were slightly degraded with better resistance to degra-
dation for the porous layer A.

At 2, 4 & 12 weeks, the initial thickness of the porous
layers—as determined in a wet state, after the soaking of
porous layers in water for 24 hours, at ambient temperature
(18-25° C.), during 1 day—was not substantially reduced.



US 9,242,026 B2

29

In conclusion, the local tolerance was good for the porous
layers A& B with extended degradation times and with satis-
fying signs of cell colonization and integration of the porous
layers.

It will be understood that various modifications may be
made to the embodiments disclosed herein. Therefore, the
above description should not be construed as limiting, but
merely as an exemplification of illustrative embodiments.
Those skilled in the art will envision other modifications
within the scope and spirit of the present disclosure. Such
modifications and variations are intended to come within the
scope of the following claims.

What is claimed is:

1. An implant comprising:

a porous layer comprising collagen;

anon-porous layer comprising a collagenic constituent, the

non-porous layer being joined to the porous layer; and

a coated reinforcement member embedded into the non-

porous layer,

wherein the porous layer is compressed and has a three

dimensional density ranging from about 20 mg collagen/
cm’ to about 200 mg collagen/cm’.

2. The implant of claim 1, wherein the porous layer has a
three dimensional density ranging from about 50 mg col-
lagen/cm® to about 150 mg collagen/cm®.

3. The implant of claim 1, wherein the collagen of the
porous layer comprises oxidized collagen.

4. The implant of claim 3, wherein the collagen of the
porous layer further comprises a collagen crosslinked with a
compound selected from glutaraldehyde, hexamethylene
diisocyanate (HMDI) and mixtures thereof.

10

15

20

25

30

30

5. The implant of claim 4, wherein the compound is glut-
araldehyde.

6. The implant of claim 4, wherein the compound is hex-
amethylene diisocyanate.

7. The implant of claim 3, wherein the porous layer further
comprises a chitosan.

8. The implant of claim 1, wherein the collagenic constitu-
ent of the non-porous layer is oxidized collagen.

9. The implant of claim 1, wherein the reinforcement mem-
ber is a mesh having a weight density less than 100 g/m?.

10. The implant of claim 9, wherein the mesh is isoelastic.

11. The implant of claim 1, wherein the reinforcement
member is a mesh having a weight density greater than 50
g/m?.

12. The implant of claim 11, wherein the mesh is asym-
metric.

13. The implant of claim 11, wherein the mesh is coated
with a collagen crosslinked with a compound selected from
glutaraldehyde, hexamethylene diisocyanate (HMDI) and
mixtures thereof.

14. The implant of claim 11, wherein the mesh is coated
with a mixture of oxidized collagen and chitosan.

15. The implant of claim 1, further comprising an addi-
tional non-porous layer.

16. The implant of claim 15, wherein the additional non-
porous layer comprises an additional reinforcement member
embedded therein.

17. The implant of claim 1, wherein the porous layer is
biodegradable.



